Neuronal growth factors regulate the survival of neurons by their survival and death-promoting activity on distinct populations of neurons. The neurotrophins nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin-3 (NT-3) promote neuronal survival via tyrosine kinase (Trk) receptors, whereas NGF and BDNF can also induce apoptosis in developing neurons through p75 NTR receptors in the absence of their respective Trk receptors. Using mutant mice and inactivation of neurotrophins and their receptors with antibodies in rats, we show that endogenous NT-3 induces death of adult BDNF-dependent, axotomized corticospinal neurons (CSNs). When NT-3 is neutralized, the neurons survive even without BDNF, suggesting complete antagonism. Whereas virtually all unlesioned and axotomized CSNs express both trkB and trkC mRNA, p75 is barely detectable in unlesioned CSNs but strongly upregulated in axotomized CSNs by day 3 after lesion, the time point when cell death occurs. Blocking either cortical TrkC or p75 NTR receptors alone prevents death, indicating that the opposing actions of NT-3 and BDNF require their respective Trk receptors, but induction of death depends on p75 NTR cosignaling. The results show that neuronal survival can be regulated antagonistically by neurotrophins and that neurotrophins can induce neuronal death in the adult mammalian CNS. We further present evidence that signaling of tyrosine kinase receptors of the trk family can be crucially involved in the promotion of neuronal death in vivo.
Neuronal growth factors regulate the survival of neurons by their survival and death-promoting activity on distinct populations of neurons. The neurotrophins nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin-3 (NT-3) promote neuronal survival via tyrosine kinase (Trk) receptors, whereas NGF and BDNF can also induce apoptosis in developing neurons through p75 NTR receptors in the absence of their respective Trk receptors. Using mutant mice and inactivation of neurotrophins and their receptors with antibodies in rats, we show that endogenous NT-3 induces death of adult BDNF-dependent, axotomized corticospinal neurons (CSNs). When NT-3 is neutralized, the neurons survive even without BDNF, suggesting complete antagonism. Whereas virtually all unlesioned and axotomized CSNs express both trkB and trkC mRNA, p75 is barely detectable in unlesioned CSNs but strongly upregulated in axotomized CSNs by day 3 after lesion, the time point when cell death occurs. Blocking either cortical TrkC or p75 NTR receptors alone prevents death, indicating that the opposing actions of NT-3 and BDNF require their respective Trk receptors, but induction of death depends on p75 NTR cosignaling. The results show that neuronal survival can be regulated antagonistically by neurotrophins and that neurotrophins can induce neuronal death in the adult mammalian CNS. We further present evidence that signaling of tyrosine kinase receptors of the trk family can be crucially involved in the promotion of neuronal death in vivo. Key words: neuronal death; neurotrophins; TrkC; p75; cortex; lesion Neurotrophins comprise a family of closely related neurotrophic factors expressed in target tissues of neurons and in the central and peripheral nervous systems. Four neurotrophins have been identified in rodents: nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5) (Lewin and Barde, 1996) . The biological effects of these factors are mediated by the common neurotrophin receptor p75 N TR and the tyrosine kinase (trk) family receptors with NGF binding TrkA, BDNF and NT-4/5 binding TrkB, and NT-3 binding TrkC (Barbacid, 1995) . At high concentrations, NT-3 can also stimulate TrkA and TrkB as nonpreferred receptors (Davies et al., 1995; Ryden and Ibanez, 1996) . Promotion of neuronal survival is one of the most prominent physiological functions of the neurotrophins (Barbacid, 1995) . It has been shown, though, that NGF and BDNF can also induce neuronal death via p75 N TR receptors in developing neurons (Dechant and Barde, 1997; Kaplan and Miller, 1997; Bamji et al., 1998) .
Until recently it was thought that neuronal survival is regulated by the limited access to survival-promoting factors (Lewin and Barde, 1996) . This hypothesis was modified by the findings that developmental death is induced via p75 N TR in retinal neurons by endogenous NGF (Frade et al., 1996 (Frade et al., , 1997 Frade and Barde, 1998) and in sympathetic neurons by BDNF (Bamji et al., 1998) . Thus, a neurotrophin can promote neuronal survival or death, depending on which receptor it activates. In this concept, Trk receptors mediate survival signals, whereas p75 N TR mediates the death signal in the absence of the respective Trk receptor (Dechant and Barde, 1997; Kaplan and Miller, 1997; Bamji et al., 1998) . However, it is not known whether survival of the neurons that die because of a neurotrophin is promoted by another endogenous neurotrophin and whether neurotrophins can induce death of mature neurons at all. The present study approaches this question in the corticospinal system.
The corticospinal system constitutes a major central motor projection to spinal cord motoneurons (Nudo and Masterton, 1990) . Approximately half of adult rat corticospinal neurons of the sensory motor cortex (CSNs) die after axotomy at internal capsule levels ( Fig. 1) (Giehl and Tetzlaff, 1996; Bonatz et al., 2000) . Virtually all CSNs express trkB and trkC and are rescued from axotomy-induced death by high-dose BDNF and NT-3 treatment (Giehl and Tetzlaff, 1996) , indicating that these factors play a role in their survival regulation. Indeed, endogenous BDNF is a crucial survival factor for most axotomized CSNs (Giehl et al., 1998) . However, the dose of NT-3 that completely rescues CSNs if applied alone (Giehl and Tetzlaff, 1996) results only in partial survival if endogenous BDNF is simultaneously neutralized (Giehl et al., 1998) . In addition, NT-3 infusions increase BDNF mRNA expression in cortical layers 2-4 (Schütte et al., 2000) . These findings suggest that the effects of high-dose NT-3 treatment (Giehl and Tetzlaff, 1996) are not attributable to the activation of TrkC alone but rather result from stimulation of endogenous BDNF protection of lesioned CSNs. They may, therefore, not reflect the physiological function of NT-3 for CSNs.
The present study shows that endogenous NT-3 promotes the death of all BDNF-dependent CSNs, indicating that endogenous neurotrophins can antagonistically regulate neuronal survival in the adult mammalian CNS. Activation of both p75 N TR and TrkC receptors is required for this effect of NT-3, suggesting that cosignaling by a tyrosine kinase receptor and a tumor necrosis factor receptor family member is essential for the promotion of CSN death.
MATERIALS AND METHODS
Operation procedure. E xperimental procedures and maintenance of animals were approved by the local Animal C are Committee according to the German law regulating the experimental use of animals. Five-to 9-week-old mice of both sexes of a BDN F (Korte et al., 1995) and N T-3 (Airaksinen et al., 1996) mutant strain and male Sprague Dawley rats weighing 190 -330 gm were used. The procedure and stereotaxic coordinates for the operations, internal capsule lesion (ICL), confirmation of the axotomy of C SNs after ICL, intracortical delivery of solutions (only for rats), and the determination of the lesion and cell death areas have been described elsewhere (Giehl and Tetzlaff, 1996; Bonatz et al., 2000) . In brief, to distinguish C SNs from other cortical layer 5 neurons, they were retrogradely labeled by fluorescence tracer injections to the corticospinal tracts at cervical spinal cord levels C4/5 before axotomy. Fast Blue (FB) (2% in 0.2% DMSO) and /or a rhodamine tracer mixture (RDX) (15% rhodamine dextran 10,000, 10% rhodamine dextran 3000, and 10% rhodamine-b-isothiocyanate in 0.2% DMSO) were used as tracers. FB was used as the primary tracer in all groups that received ICL. One to 2 weeks after FB injection, C SNs of one side of the brain were axotomized by ICL. ICL creates a horizontal, circle-shaped cut through the entire internal capsule (Bonatz et al., 2000) through which C SNs send their axons to their spinal cord targets ( Fig. 1) (Nudo and Masterton, 1990) . As determined by the injection of RDX at spinal cord level C3/4 immediately after the lesion, ICL results in axotomy of all corticospinal neurons of the sensory motor cortex (C SNs) of the lesion side in rats (Giehl and Tetzlaff, 1996; Bonatz et al., 2000) and in mice (Fig. 2) . In the rat treatment groups, Alzet 2001 osmotic minipumps were implanted in the same operation session for intracortical delivery of solutions. For this delivery, a 30 gauge steel cannula connected to the minipump via a silicone tube was implanted intraparenchymally into the lesion area of the cortex on the lesion side.
Intracorticall y inf used solutions. The osmotic minipumps delivered either N T-3-neutralizing mouse monoclonal N T-3 antibody of the IgG1 subclass (anti-N T-3; 1 mg /ml in P1 buffer) (Barres et al., 1994) , the BDN F-neutralizing rabbit affinity-purified BDN F antibody R AB (anti-BDN F; 1 mg /ml in PBS) (Yan et al., 1997b; Giehl et al., 1998) , a combination of anti-N T-3 and anti-BDN F (1 mg /ml each in P1 buffer), p75 N TR -blocking monovalent Fab fragments of IgG of the rabbit REX antibody against p75 N TR (REX-Fab; 150 g /ml or 300 g /ml in P2 buffer) (Weskamp and Reichardt, 1991) , protein A column-purified IgG of the rabbit anti-TrkC antibody TC89 (TC89; 2, 4, 8, or 16 mg /ml in P2 buffer), human recombinant N T-3 (0.5 mg /ml in PBS), rabbit anti-turkey IgG (RIgG; Sigma, St. L ouis, MO; 1 or 16 mg /ml in PBS; as control for anti-BDN F and TC89), mouse IgG1 (M IgG1; Sigma; 1 mg /ml in P1-buffer; as control for anti-N T-3), monovalent Fab fragments of rabbit IgG (RFab; Jackson ImmunoReseach, West Grove, PA; 150 g /ml or 1 mg /ml in P2 buffer; as control for REX-Fab), 20 mM PBS (as control for RIgG and N T-3), a 1:1 mixture of PBS and 10 mM potassium phosphate/ 150 mM sodium chloride buffer (P1 buffer; as control for M IgG1), or 2.5 mM potassium phosphate -20 mM disodium phosphate -120 mM sodium chloride buffer (P2 buffer; as control for RFab and as buffer control for TC89). All solutions contained 50 U/ml penicillin -streptomycin and were inf used at a rate of 1 l / hr for 7 d. The respective neutralizing and blocking properties of anti-N T-3 (Barres et al., 1994) , anti-BDN F (Yan et al., 1997b; Giehl et al., 1998) , and REX-Fab (Weskamp and Reichardt, 1991) have been demonstrated elsewhere. For TC89, see "Characterization of TC89." The correct generation of the REX-Fab fragments has been confirmed in protein-gels (data not shown). The intracortical diff usion area of the inf used antibodies was controlled by immunohistochemistry and was never Ͻ4 mm in diameter, i.e., the C SNs of the cell death area (see "Analysis of Axotomy and Survival") were located within the diff usion areas.
Characterization of TC89. The TC89 antiserum was generated in rabbit against a f usion protein of trpE (Rimm and Pollard, 1989) linked to amino acids 127-429 of the extracellular domain of rat TrkC, expressed in Escherichia coli. Western blot analyses of various recombinant Trk proteins (Yan et al., 1997a) indicated that the TC89 antisera was specific for TrkC (see Fig. 5B ). TC89 results in TrkC -like immunoreactivity in rat brain sections (data not shown). The effects of protein A-purified IgG of TC89 serum on TrkC phosphorylation have been tested in TrkCtransfected N IH3T3 cells essentially as described (Tsoulfas et al., 1996) . TrkC phosphorylation after 5 min of 100 ng /ml N T-3 served as positive control. TrkC phosphorylation was completely abolished by TC89 treatment (16 g /ml added for 10 min starting 5 min before N T-3 addition) (see Fig. 5C ). Treatment with TC89 IgG alone had no effect on TrkC phosphorylation.
TrkB phosphor ylation. T yrosine phosphorylation of TrkB was assessed in 2 ϫ 2 ϫ 1.5 mm blocks of cortex of rats that had been treated with (Miller, 1987; Bonatz et al., 2000) . The corticospinal neurons of the anterior quarter belong to the medial prefrontal and the supplementary motor cortex (Miller, 1987; Bonatz et al., 2000) . N T-3 (500 ng /l in vehicle, 10 l) or vehicle (20 mM PBS, 10 l) for 30, 60, 120 or 360 min. Tissue processing was as described (Tsoulfas et al., 1996) with the following modifications. One milliliter of extract was incubated overnight with 2 g of the tyrosine phosphate-specific antibody 4G10 (Upstate Biotechnology, Lake Placid, N Y) at 4°C. Protein A Sepharose was added and bound for 2-3 hr at 4°C. Western blots were detected using a previously generated and characterized TrkB antiserum (trkBMBSK L H; Offenhäuser et al., 1995) .
RT-PCR of trkC isoforms. Total RNA was extracted from cortical tissue blocks (2 ϫ 2 ϫ 1.5 mm) of rats that had received N T-3 (500 ng /l in vehicle at a rate of 1 l / hr) or vehicle (20 mM PBS at a rate of 1 l / hr) for 3 or 7 d before analysis. Reactions were performed essentially as described before (Offenhäuser et al., 1995) using primers on both sides of the kinase insert. The 3Ј primer was modified to C TCCACACAT-CAC TC TC TGTG. To control for linear amplification, reactions of 26 and 30 cycles were run.
T issue processing. Seven days after tracer application (unlesioned animals) or after ICL (lesioned animals), the animals were killed by an overdose of sodium pentobarbital and transcardially perf used with PBS followed by 4% paraformaldehyde (PFA) solution. The brains were post-fixed in 4% PFA (1 hr), cryoprotected in 20% sucrose in PBS (12 hr), frozen, and cut into 20 m cryostat serial coronal sections. In mice, every second section was collected for cell counts. In mice that received an ICL, the remaining sections were collected separately for in situ hybridizations (ISHs) (confirmation of neurotrophin receptor expression, data not shown). In rats, every fifth section was collected for cell counts, and the remaining sections were collected separately for ISH and other procedures. For the semiquantitative ISH on rat brain sections, only sections from the center of the cell death area (see "Analysis of survival") were used.
Rat and mouse corticospinal systems. The developmental principles for establishing the corticospinal projection do not differ between rat and mice (O' Leary and Koester, 1993; Uematsu et al., 1996) . Rats have more and larger corticospinal neurons than mice but of very similar localization (Nudo and Masterton, 1990; Nudo et al., 1995) . Detailed mapping (Bonatz et al., 2000) revealed that mutant and wild-type mice have the same area-specific localization of corticospinal neurons as rats (Miller, 1987; Bonatz et al., 2000) , displaying three major areas of localization: (1) the sensory motor cortex, (2) the supplementary motor and medial prefrontal cortex, and (3) the somatosensory cortex. All corticospinal neurons of the sensory motor cortex (C SNs) are axotomized by ICL (Fig.  2) . In contrast, ICL does not result in complete axotomy of corticospinal neurons of the other areas which have, therefore, not been considered in this study. Analyses of trkB, trkC, and p75 mRNA expression in wildtype and neurotrophin mutant mice (data not shown) revealed that their unlesioned and axotomized C SNs show identical expression patterns as rats and that p75 is upregulated also in mice after ICL. Thus, the organization and neurotrophin dependencies of both rat and mouse corticospinal systems seem to be very similar.
Anal ysis of survival. The number of C SNs was assessed by blinded cell counts of every second section collected for cell counts, i.e., every fourth section of the mice and every 10th section of the rat brains were quantified. The criterion for a C SN was a Tracer-filled pyramidal-shaped profile Ͼ4 m (rats) or Ͼ3 m (mice) in diameter (Giehl and Tetzlaff, 1996; Bonatz et al., 2000) . Both in mice and in rats, all C SNs of the lesion side are axotomized by ICL (see operation procedure). The central 2.8 mm in rats and the central 1.6 mm in mice of the C SN area were defined as "cell death area" (Bonatz et al., 2000) , the area where dying C SNs were regularly observed in both lesion-only animals (rats and wild-type mice) and lesioned animals that were treated with control solutions (rats). This area was used as an anatomical mask for the other experimental groups to obtain the respective survival data. Both in mice and in rats, the anterior end of the cell death area is at the frontal plane of the anterior pole of the anterior commissure ( Fig. 1 ). Within the cell death area, percentage of survival is defined as "number of FB-labeled C SNs on the lesion side/number of FB-labeled C SNs contralateral to the lesion side ϫ 100%." The data are based on a total of over 380,000 cells counted in rats and over 310,000 cells counted in mice. One-way ANOVA which was followed by a post hoc Newman -Keuls test (N K T) and a post hoc Fisher's least significance difference test (FL SD) was used to determine the statistical significance of differences in survival among the individual experimental groups. As determined separately for mice and rats, the differences in the mean values among the individual experimental groups were highly significant using ANOVA ( p Ͻ 0.001). Death of axotomized CSNs is increased in BDNF mutant mice but almost completely prevented in NT-3 mutant mice. A, Top pairs of the photomicrographs show FB-labeled CSNs of representative animals of each experimental group, 1 week after axotomy. Axotomy induces death in both BDNF (ϩ/ϩ) and NT-3 (ϩ/ϩ) animals (wild-type control groups). This death is increased in BDNF (ϩ/Ϫ) animals and almost completely prevented in NT-3 (ϩ/Ϫ) animals. The bottom pair of photomicrographs in each experimental group shows the same sections under illumination for RDX (red label ) which has been applied after ICL to confirm the axotomy. This results in RDX labeling of unlesioned CSNs but does not label axotomized CSNs. On the control side, virtually all CSNs are double-labeled with FB and RDX. On the axotomy side, FB-labeled CSNs are not labeled with RDX, indicating the completeness of axotomy. Scale bar, 0.5 mm. B, Quantification of the survival of axotomized mice CSNs (indicated is mean survival Ϯ SEM). One-third of the CSNs die in the control groups of the BDNF (n ϭ 9) and NT-3 (n ϭ 12) knock-out strains. This death is increased in BDNF (ϩ/Ϫ) animals [n ϭ 9; p Ͻ 0.01 vs control as determined by (adb) NKT] and almost completely prevented in NT-3 (ϩ/Ϫ) animals [n ϭ 10; p Ͻ 0.01 vs control adb NKT].
Anal ysis of neurotrophin receptor e xpression. Abundant TrkC immunoreactivity has been shown in several cortical layers, including layer 5 Pitts and Miller, 2000) , and p75 immunoreactivity is inducible by several stimuli including lesions in many cortical areas (Botchkina et al., 1997; Roux et al., 1999; Shi and Mocchetti, 2000) and after axotomy in spinal motoneurons (Wu et al., 1993) . To examine whether the respective proteins localize to unlesioned and /or axotomized corticospinal neurons, we performed immunohistochemistry for the neurotrophin receptors on sections from animals that received unilateral axotomy of FB-labeled C SNs. Satisfactory cortical immunolabeling was only possible with mild fixation and free-floating techniques that are not compatible with the maintenance of FB labeling of C SNs. We, therefore, analyzed neurotrophin receptor expression with an oligonucleotide in situ hybridization technique that has previously been shown to be compatible with neuronal FB label (Giehl and Mestres, 1995; Giehl et al., 1998) . Oligonucleotide probes for the individual mRNAs were labeled with 35 S-dATP (DuPont N EN, Boston, M A), using terminal deoxynucleotide transferase (Life Technologies, Gaithersburg, MD). The p75 probe used for the semiquantitative in situ hybridizations reported in this paper was complementary to the nucleotides 932-971 of the rat p75 mRNA (Radeke et al., 1987) . We repeated the experiments with a probe complementary to nucleotides 1809 -1848 of rat p75 mRNA (Radeke et al., 1987) , and the results were essentially the same (data not shown). The trkC probe (Giehl and Tetzlaff, 1996) was complementary to base pairs 2109 -2272 (except 2134 -2250) and bridged the insertion site (2134 -2250) of the TrkC tyrosine kinase domain (Valenzuela et al., 1993) . Posthybridization washes and autoradiography were performed as described elsewhere (Giehl and Mestres, 1995) . At the high stringency conditions used for the hybridizations and the posthybridization washes (Giehl and Mestres, 1995) , the trkC probe is highly specific for the noninserted f ull-length trkC isoform (Giehl and Tetzlaff, 1996) .
Quantification of mR NA e xpression. The procedure used for the quantification of mRNA expression in C SNs is described elsewhere (Giehl et al., 1998) . For the calculation of the percentage of C SNs expressing the respective mRNA, mRNA levels in C SNs are expressed as an x-fold of background grain density (see below). Because expression of p75 and trkC mRNA in reactive glia cannot be excluded in brain tissue after experimental manipulation, background measurements were performed over the slide. The brain tissue itself can have an unspecified chemographic effect on the grain density, which results in higher background values over the tissue than over the slide (Rogers, 1979; McC abe et al., 1989) . To account for this chemographic effect, we determined a correction factor for the above slide background measurements as follows: background measurements have been performed over the slide and the cortex of autoradiographies obtained from the competition tests for the respective probes. Because autoradiographies of competition tests did not contain positive label, these measurements assess solely the chemographic component of the brain tissue without including the glial signal. From these measurements, we calculated a slide-to-brain ratio for each probe (1.6 for p75 and 1.66 for trkC). These slide-to-brain-ratios have then been used as correction factor for the background measurements of the p75 and trkC ISH, respectively. The procedure and rationale for determining the criterion for a C SN expressing the respective mRNA (threshold in all cases more than threefold corrected background) has been described elsewhere (McC abe et al., 1989; Giehl et al., 1998) . The data are based on a total of Ͼ25,000 cells. As determined separately for p75 and trkC, the differences in the mean values among the individual experimental groups were highly significant using ANOVA ( p Ͻ 0.001). 
RESULTS

The gross anatomy of the corticospinal system is not altered in young adult BDNF and NT-3 heterozygotes
The developmental role of BDNF and NT-3 for CSNs was analyzed in young adult BDNF and NT-3 mutant mice. For this analysis, it is necessary to specifically label CSNs by injecting retrograde tracers to the corticospinal tract of the spinal cord. Because homozygous BDNF (Ernfors et al., 1994a; Jones et al., 1994) and NT-3 knock-out mice (Ernfors et al., 1994b; Tessarollo et al., 1994) survive only a few days after birth, and the axonal connectivity of CSNs to the spinal cord develops between P0 and P20 (Jones et al., 1982; Oudega et al., 1994; Uematsu et al., 1996) , only the respective heterozygous (ϩ/Ϫ) and wild-type (ϩ/ϩ) animals were analyzed. CSNs were labeled with RDX in 6-week-old mice. Mapping (data not shown) and cell counts (Table 1) of RDX-labeled CSNs did not reveal any changes regarding localization or numbers of CSNs in BDNF or NT-3 (ϩ/Ϫ) animals, suggesting that wild-type levels of BDNF and NT-3 are not essential for the developmental regulation of these aspects.
Survival of axotomized CSNs is decreased in BDNF (؉/؊) and improved in NT-3 (؉/؊) mice
To examine the roles of these neurotrophins for mature CSN, we analyzed their response to axotomy in adult mice of these mutant strains. FB-labeled CSNs of 8-to 9-week-old mice were axotomized by an ICL (Fig. 1) . One-third of the axotomized CSNs died in the BDNF and NT-3 (ϩ/ϩ) groups within the first week after axotomy (Fig. 2) . Death was significantly increased in BDNF (ϩ/Ϫ) animals (Fig. 2) , indicating that BDNF is a survival factor for axotomized murine CSNs. In contrast, survival of axotomized CSNs was much improved in NT-3 (ϩ/Ϫ) mice (Fig. 2) , suggesting that endogenous NT-3 promotes CSN death.
Endogenous NT-3 induces death of BDNF-dependent axotomized rat CSNs
To determine whether the unexpected results in NT-3 (ϩ/Ϫ) animals reflect promotion of death by endogenous NT-3 or were attributable to developmental changes caused by the targeted mutation of the NT-3 allele, we acutely reduced NT-3 levels in wild-type albino rats with a monoclonal NT-3 antibody (anti-NT-3) (Barres et al., 1994) . Anti-NT-3 was continuously infused into the lesioned cortex for 7 d starting immediately after ICL, which resulted in complete rescue of FB-labeled CSNs from axotomy-induced death (Fig. 3) . Thus, endogenous NT-3 induces death of axotomized CSNs. The majority of axotomized rat CSNs depend on endogenous BDNF for survival (Giehl et al., 1998) . This BDNF-dependent population consists of all CSNs that die after axotomy and, in addition, almost half of those that survive their axotomy (Giehl et al., 1998) . Together with the present finding, these data demonstrate that the survival of all CSNs that die after axotomy is antagonistically regulated by endogenous NT-3 and BDNF.
To show whether NT-3 or BDNF is functionally dominant, we simultaneously infused for 7 d the affinity-purified neutralizing BDNF antibody RAB (anti-BDNF) (Yan et al., 1997b; Giehl et al., 1998) and anti-NT-3 to axotomized CSNs and compared it with the effects of anti-BDNF alone. Anti-BDNF treatment alone caused death of approximately two-thirds of the axotomized CSNs, whereas death was completely prevented by anti-BDNF/ anti-NT-3 treatment (Fig. 3) . Thus, BDNF-dependent CSNs survive axotomy in the absence of BDNF if NT-3 is neutralized. This finding further shows that the two neurotrophins have opposing effects on the survival of all BDNF-dependent CSNs.
Axotomized rat CSNs express p75 and trkC mRNA, and trkC expression is suppressed by high-dose NT-3 treatment
Although survival promotion of neurotrophins is mediated by Trk receptors, their death-inducing activity is thought to be mediated via p75 N TR receptor in the absence of signaling by the respective Trk receptor (Dechant and Barde, 1997; Kaplan and Miller, 1997) . We have shown recently that virtually all lesioned CSNs express trkB mRNA (Giehl et al., 1998) , consistent with the survival promotion of endogenous BDNF. To show whether axotomized CSNs display a neurotrophin receptor expression pattern compatible with the death promotion of endogenous NT-3, we analyzed the expression of p75 mRNA (Radeke et al., 1987) and trkC mRNA lacking an insert in the tyrosine kinase domain (Valenzuela et al., 1993) with semiquantitative in situ hybridizations within the first week after axotomy. Axotomyinduced death of CSNs occurs between days 3 and 4 after ICL, reaches a plateau by day 5 (Giehl and Tetzlaff, 1996) , and does not further proceed later on (Giehl and Tetzlaff, 1996; Giehl et , and anti-NT-3 plus anti-BDNF] 1 week after axotomy. In the control groups, axotomy results in death of many CSNs. This death is completely prevented after anti-NT-3 treatment and strongly increased after anti-BDNF treatment. Simultaneous application of BDNF and NT-3 (anti-NT-3 ϩ anti-BDNF) results in complete survival of axotomized CSNs. Scale bar, 1 mm. B, Quantification of survival of axotomized rat CSNs (indicated is mean survival Ϯ SEM). The control groups display significant death within the first week after axotomy [l.o. (n ϭ 11), PBS (n ϭ 12), P1 buffer (64 Ϯ 5%; n ϭ 5; data not shown), MIgG1 (n ϭ 4), and RIgG (1 mg/ml; n ϭ 5)]. Anti-NT-3 treatment completely prevents this death [n ϭ 7, p Ͻ 0.01 vs each control group adb NKT]. In contrast, approximately two-thirds of the CSNs die after anti-BDNF treatment [n ϭ 5, p Ͻ 0.01 vs RIgG adb NKT, p Ͻ 0.05 vs l.o. adb NKT]. Simultaneous anti-NT-3 ϩ anti-BDNF treatment completely rescues CSNs [n ϭ 5, p Ͻ 0.01 vs all control groups adb NKT], demonstrating that the NT-3-mediated death signal is dominant and that virtually all BDNF-dependent CSNs (see Results) underlie an antagonistic survival regulation by BDNF and NT-3. The difference in survival between l.o. group and groups receiving control solutions is statistically significant and has been discussed elsewhere (Giehl and Tetzlaff, 1996; Giehl et al., 1998). al., 1997). Thus, the receptor mRNA expression was assessed at days 1, 3, and 7 after axotomy. Virtually all CSNs expressed trkC at any time point (Fig. 4) . Figure 4 further shows that many non-CSN cells express trkC mRNA. As revealed by cresyl violet staining (data not shown), this expression is mainly localized to pyramidal cells of cortical layer 5, but some of the label appeared to be derived from glia. In contrast to the robust expression of trkC, p75 was barely detectable in unlesioned CSNs or in CSNs at day 1 after axotomy, but it was clearly upregulated in axotomized CSNs at postlesion day 3 and later (Fig. 4) . The time course of p75 expression suggests that p75 N TR receptor may be involved in the death induction of CSNs. Noncorticospinal cells of cortical Figure 4 . Expression of p75 and trkC mRNA in unlesioned and axotomized vehicle-and NT-3-treated CSNs. A, Double exposures of FB-labeled CSNs and autoradiograms of p75 and trkC ISHs at days 3 and 7 after axotomy. p75 expression is barely detectable in unlesioned CSNs but clearly upregulated by days 3 and 7 after axotomy. Infusion of NT-3 at a dose of 12 g/d does not have an effect on p75 expression. Virtually all unlesioned and axotomized CSNs express trkC mRNA. Treatment with 12 g/d NT-3 strongly suppresses trkC expression in axotomized CSNs at postlesion day 3. Scale bar, 50 m. The p75 expression data were obtained with a probe complementary to nucleotides 932-971 of the rat p75 mRNA. The same experiments (data not shown) have been performed with a probe complementary to nucleotides 1809 -1848 of the rat p75 mRNA, which yielded essentially the same results. B, Quantification of p75 and trkC mRNA expression in CSNs (indicated is mean percentage of CSNs expressing a mRNA Ϯ SEM). Very few unlesioned CSNs (n ϭ 6) express p75 mRNA. This expression pattern is not altered at day 1 after axotomy (n ϭ 4). In contrast, the expression of p75 mRNA is induced in more than one-third of axotomized CSNs at day 3 [n ϭ 6, p Ͻ 0.01 vs control adb NKT] and day 7 [n ϭ 4, p Ͻ 0.05 vs control adb NKT] after axotomy. There is a trend of reduced p75 mRNA expression in axotomized CSNs after NT-3 treatment at day 3 (n ϭ 4, NS vs control adb FLSD at p Ͻ 0.05) and day 7 (n ϭ 4, NS vs control adb FLSD at p Ͻ 0.05). Virtually all CSNs express trkC mRNA in unlesioned animals (n ϭ 6) or vehicle-treated animals at days 1 (n ϭ 3), 3 (n ϭ 5), and 7 (n ϭ 5) after axotomy. NT-3 application significantly reduced the proportion of axotomized CSNs expressing trkC at day 3 [n ϭ 4, p Ͻ 0.01 vs control adb NKT] but not at day 7 [n ϭ 5, NS adb FLST at p Ͻ 0.05] after axotomy. Black bars, Axotomized CSNs on the lesion sides of the cortices ( l); gray bars, unlesioned animals or unlesioned CSNs of the control sides of the cortices ( c).
layer 5 on the lesion side have higher p75 levels than CSNs, indicating that ICL leads to a general increase of p75 expression on the axotomy side (Fig. 4) . As revealed by cresyl violet counterstaining (data not shown), this p75 expression is mainly localized to pyramidal-shaped neurons of cortical layer 5, suggesting that these noncorticospinal cells are subcortically projecting neurons that have been axotomized by the internal capsule lesion. Whether these cells contribute to the death of CSNs is not clear.
Treatment with exogenous recombinant NT-3 at doses of 12 g/d promotes survival (Giehl and Tetzlaff, 1996) , whereas endogenous NT-3 induces death of axotomized CSNs. The survival-promoting effect of NT-3 treatment may be explained by mimicking BDNF action e.g., through TrkB activation caused by the unphysiologically high dose of NT-3 (Davies et al., 1995; Ryden and Ibanez, 1996) and/or increasing cortical BDNF expression. Alternatively, these infusions might alter the expression of the receptor or receptors involved in survival and/or death signaling in axotomized CSNs. The first possibility is supported by previous findings that the effects of NT-3 infusions are at least partially mediated by endogenous BDNF (Giehl et al., 1998) and that NT-3 treatment clearly increases BDNF mRNA expression in cortical layers 2-4, whereas trkB expression in CSNs is unaffected (Schütte et al., 2000) . To show whether NT-3 treatment affects the expression of neurotrophin receptors potentially involved in the NT-3-mediated survival regulation of lesioned CSNs, we analyzed the expression of p75 and trkC in axotomized CSNs treated with 12 g/d of recombinant NT-3. Although p75 expression was not significantly altered by this NT-3 treatment, the portion of CSNs expressing trkC was clearly decreased at day 3 and largely recovered by day 7 (Fig. 4) . These data suggest that the survival-promoting effect of high-dose NT-3 treatment is not mediated by TrkC but is also not explained by the downregulation of p75. We wondered whether changes in the relative levels of trkC isoforms might be relevant for trkC-dependent neuronal death in NT-3 and vehicle-treated animals. RT-PCR with primers on both sides of the kinase insert demonstrated the presence of all kinase insert forms (14, 25, and 39 amino acids) together with the insertless kinase, but failed to reveal any alterations in the relative levels of these isoforms (data not shown). We finally directly assessed TrkB activation by exogenous NT-3 by directly measuring cortical TrkB phosphorylation after high-dose NT-3 treatment. Indeed, intracortical injections of high doses of NT-3 induce TrkB phosphorylation as early as 1 hr after administration (Fig. 5A) . Together, these findings suggest that the effects of our previously reported NT-3 treatment (Giehl and Tetzlaff, 1996) do not reflect the physiological role of NT-3 for CSNs but rather a mimicry of endogenous BDNF function.
Death of axotomized rat CSNs depends on cosignaling of p75 and trkC receptors
The p75 and trkC mRNA expression patterns in untreated and NT-3-treated lesioned CSNs suggest a mechanism of NT-3-mediated death induction different from previous reports (Frade et al., 1996; Bamji et al., 1998) in which a neurotrophin mediates neuronal death via p75 N TR receptor in the absence of its Trk receptor. To determine which receptors are involved in the death induction, we treated axotomized rat CSNs with monovalent Fab fragments of the rabbit REX antibody (REX-Fab) (Weskamp and Reichardt, 1991) against p75 N TR and with the rabbit TrkC antibody TC89. REX has been shown to specifically bind to and block the p75 receptor (Weskamp and Reichardt, 1991) . Similarly, TC89 only recognizes the extracellular domain of TrkC, but not of TrkA and TrkB and completely blocks NT-3-induced TrkC phosphorylation without having detectable agonist-like effects on this receptor (Fig. 5B,C) . The intracortical treatment of lesioned animals with these antibodies started immediately after ICL and lasted for 7 d. Axotomy-induced death of CSNs was prevented in animals treated either alone with REX-Fab or alone with TC89 (Fig. 6 ). These data argue that both p75 N TR and TrkC signaling are essential for the induction of CSN death.
DISCUSSION
This study shows that endogenous BDNF and NT-3 antagonistically regulate survival of lesioned adult CSNs in vivo. Death is induced by endogenous NT-3 and requires activation of TrkC and cosignaling of p75 N TR , demonstrating that mature central neu- (Yan et al., 1997a) . C, TC89 inhibits NT-3-induced phosphorylation of TrkC. TrkC-transfected NIH 3T3 cells were exposed to NT-3 (ϩ), TC89 (ϩ), or both for 10 min. TrkC phosphorylation was seen after NT-3 treatment but completely abolished by TC89. Also, TC89 alone had no effect on TrkC phosphorylation. The arrowhead indicates the position of the trkC product.
rons can integrate multiple neurotrophin-dependent signals for death and survival decisions. Although previous reports have not found gross morphological alterations of the cortex or the corticospinal tract in mice mutant for BDNF, NT-3, and their receptors (Klein et al., 1993; Ernfors et al., 1994a,b; Farinas et al., 1994; Jones et al., 1994; Klein et al., 1994) , several aspects of cortical development are regulated by endogenous BDNF and NT-3. BDNF has been implicated in the development of cortical lamination (Ringstedt et al., 1998) , and NT-3 influences axonal growth of cortical neurons (Castellani and Bolz, 1999) . In addition, both neurotrophins regulate the dendritic development of cortical pyramidal neurons (McAllister et al., 1997) . We found that neither the number nor the localization of corticospinal neurons was altered in young adult heterozygous BDNF and NT-3 mutants. Thus, the reduced levels of these neurotrophins in heterozygotes (Ernfors et al., 1994a,b; Korte et al., 1995; Airaksinen et al., 1996) (C. Helbig and M. Meyer, unpublished data) appear to be sufficient for normal development. To further exclude the possibility that results from axotomized mutant mice are obscured by developmental alterations, we also acutely depleted neurotrophins using antibodies in rats. Conclusions from both types of experiments are very similar.
These data confirm our previous notion that endogenous BDNF is crucial for survival promotion of the majority of lesioned adult CSNs (Giehl et al., 1998) . In contrast, endogenous NT-3 is a critical component of lesion-induced death signaling in axotomized CSN, despite our earlier work showing that exogenous NT-3, as well as BDNF, promote their survival (Giehl and Tetzlaff, 1996) . How can these results be reconciled? Most importantly, there is an obvious difference in the experimental approach. Here, endogenous NT-3 was depleted, whereas in the previous study, high doses of NT-3 were intracortically infused. High concentrations of NT-3 are known to evoke effects similar to BDNF by activating TrkB as a nonpreferred receptor (Davies et al., 1995; Ryden and Ibanez, 1996) or by inducing BDNF release (Canossa et al., 1997; Kruttgen et al., 1998) . We have previously shown that the complete rescue of lesioned CSNs by NT-3-infusions (Giehl and Tetzlaff, 1996) depends on endogenous BDNF (Giehl et al., 1998) and that these infusions increase cortical BDNF mRNA expression (Schütte et al., 2000) . In addition, we show here that a high dose of exogenous NT-3 reduces the number of trkC-expressing CSNs and results in cortical TrkB phosphorylation. Thus, high-dose NT-3 treatment may promote survival by evoking BDNF-like effects and stimulating endogenous BDNF, and, at the same time, also counteract death by reduced expression of death-mediating receptor or receptors. The prediction that low NT-3 concentrations will enhance death of axotomized CSNs is valid only if the effects of endogenous NT-3 are submaximal. We have tested this possibility in a limited number of experiments (data not shown), and even NT-3 treatment at doses as low as 0.06 ng/hr did not yield lower survival than vehicle application. This result is compatible with the as- (Fig. 3) . Treatment with either REXFab or TC89 IgG alone prevents axotomy-induced death of CSNs. Scale bar, 1 mm. B, Quantification of survival of axotomized CSNs (indicated is mean survival Ϯ SEM). One-third of the CSNs of the control groups [monovalent rabbit Fab, 1 mg/ml (RFab-1; n ϭ 2) and 0.15 mg/ml (RFab-0.15; n ϭ 4); rabbit IgG, 1 ml/ml (RIgG-1; n ϭ 5) (Fig. 1) , and 16 mg/ml (RIgG-16; n ϭ 2); P2 buffer (69 Ϯ 2%; n ϭ 3; data not shown)] die within the first week after axotomy. This death is completely prevented by application of either REX-Fab [0.15 mg/ml (REX-0.15, n ϭ 5, p Ͻ 0.01 vs P2 and RFab-0.15 adb NKT, p Ͻ 0.05 vs RFab-1 adb NKT) and 0.3 mg/ml (REX-0.3, n ϭ 3, p Ͻ 0.05 vs all control groups adb NKT)] or TC89 [2 (TC89 -2l n ϭ 3), 4 (TC89 -4l n ϭ 4), 8 (TC89 -8; n ϭ 4), and 16 mg/ml (TC89 -16; n ϭ 3), p Ͻ 0.01 vs all control groups adb NKT)]. The data in this figure argue that activation of both p75 and TrkC is required for the induction of death in CSNs.
sumption that endogenous NT-3 levels are sufficient for a maximal effect. However, limited diffusion or stability of NT-3 at very low doses may have hindered its effects. Furthermore, the function of NT-3 may depend on the way of its presentation as previously demonstrated in the chick visual system (Frade and Barde, 1998) . A clear answer to this specific question requires administration of NT-3 alone and in combination with anti-BDNF into the cortex of animals devoid of endogenous NT-3 and, therefore, has to await the availability of cortex-specific conditional mutants.
According to the classical neurotrophin hypothesis, survival of neurons is regulated by their limited access to survival-promoting substances (Lewin and Barde, 1996) . This hypothesis has been significantly modified by the recent findings that endogenous NGF (Frade et al., 1996 (Frade et al., , 1997 Frade and Barde, 1998; Davey and Davies, 1998) and BDNF (Bamji et al., 1998) can induce neuronal death via p75 N TR receptors during development. Previous evidence that exogenous trophic factors promote survival of neurons that are killed by another endogenous neurotrophin (Frade et al., 1997; Davey and Davies, 1998) suggests that a neurotrophin antagonism might regulate neuronal survival. The present finding of opposite effects of endogenous NT-3 and BDNF on the survival of one neuronal population demonstrates that endogenous neurotrophins can indeed antagonistically regulate neuronal survival in vivo. In addition, our data provide evidence that neurotrophins can induce neuronal death in the mature CNS.
The observation that axotomized CSNs survive simultaneous depletion of BDNF and NT-3 suggests that the NT-3-mediated death signal is functionally dominant. It is unlikely that other neurotrophins can substitute for BDNF in this situation. Of the known neurotrophins, NT-4/5 is, like BDNF and NT-3, expressed in the mature cortex (Timmusk et al., 1993) . It acts via TrkB and has higher affinity to this receptor than NT-3 (Barbacid, 1995) . Because BDNF neutralization alone clearly enhances death of axotomized CSN, it is unlikely that endogenous NT-4/5 significantly promotes their survival. The question arises why there should be a survival-supporting signal if the amount of cell death can be determined by endogenous NT-3? Considering the pleiotrophic roles of BDNF and NT-3 for cortical neurons (Schnell et al., 1994; McAllister et al., 1997; Castellani and Bolz, 1999) , endogenous NT-3 may regulate additional aspects of CSN biology and, therefore, its effects on survival have to be regulated in accordance with these roles.
There are three striking features of the NT-3-dependent death pathway for axotomized CSNs in vivo. First, NT-3 controls survival of virtually all BDNF-dependent CSNs. This single factor could in principle be altered to precisely titrate the number of dying neurons. Second, the essential players for cell death promotion are locally present before and after lesion: NT-3 is expressed in the unlesioned and lesioned cortex (Ernfors et al., 1990; Altar et al., 1994; Zhou and Rush, 1994 ) (K. Giehl and W. Tetzlaff, unpublished observation) , and virtually all unlesioned (Giehl and Tetzlaff, 1996) and lesioned CSNs express trkC. Similarly, the BDNF-TrkB pathway is also present in cortex and CSNs and not altered by axotomy (Giehl et al., 1998; Schütte et al., 2000) . In addition to their neuronal expression in the cortex, there are other potentially relevant sources of endogenous BDNF and NT-3, e.g., cortical astrocytes (Rubio, 1997) , the cortical white matter and the internal capsule, and several brainstem areas (Ernfors et al., 1990; Altar et al., 1994; Zhou and Rush, 1994) .
Finally, significant p75 expression in CSNs is only observed at day 3 and later after axotomy. Thus, the onset of p75 expression may control the timing of CSN death. The p75 N TR signal is probably ligand-induced because REX antibody has been described to inhibit ligand binding to p75 N TR (Weskamp and Reichardt, 1991) . Because exogenous (Giehl and Tetzlaff, 1996) as well as endogenous (S. Röhrig, M. Meyer, and K. Giehl, unpublished data) NGF does not seem to play a role in this context, NT-3 is the most likely ligand for the p75 N TR -mediated death induction of CSNs. We can, however, not exclude that constitutive p75 N TR signaling (Majdan et al., 1997) contributes to this effect.
How does the NT-3-TrkC pathway relate to known neurotrophin-mediated death mechanisms? To our knowledge, there is no previous report involving an action of NT-3 via TrkC in cell death promotion in vivo. There is, however, an intriguing account of death induction of NT-3 via TrkC in medulloblastomas (Kim et al., 1999) . Interestingly, death induction in medulloblastomas can also be triggered by NGF through TrkA (Muragaki et al., 1997) , suggesting that this effect is not specific for TrkC. Thus, there is apparently no need to invoke the induction of specific TrkC receptor isoforms (Valenzuela et al., 1993; Tsoulfas et al., 1996) as being more prone to death signaling. This conclusion is supported by our analysis of the expression of these isoforms in lesioned cortex.
The necessity of p75 N TR and TrkC cosignaling for death induction could be explained by two principally different models. Both receptors could be involved in death signaling, and the observed interdependence could be accounted for by a threshold for efficient death induction, which is not reached by p75 N TR or TrkC signaling alone. This is in line with the observation that TrkC and p75 N TR receptors can be coimmunoprecipitated (Bibel et al., 1999) . Alternatively, one of the receptors may be required as a conditioning signal. Because endogenous NT-3 induces neuronal differentiation of cortical precursors which, after adopting a neuronal phenotype, are dependent on endogenous BDNF for survival (Ghosh et al., 1994; Ghosh and Greenberg, 1995) , one conceivable scenario states that NT-3 signaling via TrkC is constantly required to maintain BDNF dependence of CSNs. In this case, p75 N TR signaling would induce death of those CSNs that do not receive sufficient BDNF to allow survival. Our observation that CSNs are rescued from axotomy-induced death by simultaneous depletion of endogenous BDNF and NT-3 is in accordance with this possibility. It will be important to unravel the mechanisms underlying this regulation in subsequent studies. In this context, it will be of central interest to determine whether the BDNF-NT-3-mediated antagonism on CSN survival represents a pure and direct trophic action on CSNs or involves additional molecules and/or cell types.
